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ABSTRACT
The intergalactic medium was reionized before redshift z ∼ 6, most likely by starlight which
escaped from early galaxies. The very first stars formed when hydrogen molecules (H2) cooled
gas inside the smallest galaxies, minihalos of mass between 105 and 108 solar masses, before
redshift z ∼ 40. Minihalo stars then started reionization but could not finish it before the rising
background of H2-dissociating soft-ultraviolet starlight choked them off. We confirm this hypoth-
esis by the first large-scale radiative transfer simulations to include minihalo sources and their
suppression. We show that reionization began much earlier with minihalo sources than without,
and was greatly extended, which boosts the intergalactic electron-scattering optical depth and
the large-angle polarization fluctuations of the cosmic microwave background significantly. Al-
though within current WMAP uncertainties, this boost should be readily detectable by Planck.
If reionization ended as late as zov . 7, as suggested by other observations, Planck will thereby
see the signature of the first stars at high redshift, currently undetectable by any other probe.
We also show that minimal reionization models satisfying both the late reionization condition,
zov . 7, and the large optical depth condition, τes & 0.085, can be distinguished from our fiducial
model under the same constraints by Planck at high confidence level.
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1. Introduction
The theory of reionization has not yet advanced
to the point of establishing unambiguously its tim-
ing and the relative contributions to it from galax-
ies of different masses. In the Cold Dark Mat-
ter (“CDM”) universe, these early galactic sources
can be grouped broadly by their host dark-matter
halo mass into two categories: minihalos (“MHs”)
and “atomic-cooling” halos (“ACHs”). MHs have
masses between ∼ 105 and ∼ 108 M (solar
masses) and virial temperatures below ∼ 104 K,
in which molecular hydrogen (H2) was necessary
to cool the gas below this virial temperature to
begin star formation. ACHs have masses above
∼ 108 M and virial temperatures & 10
4 K, for
which H-atom radiative line cooling alone was suf-
ficient. The ACHs can be split further into low-
mass atomic-cooling halos (“LMACHs”; masses
between ∼ 108 and ∼ 109 M), for which the
gas pressure of the photoionization-heated inter-
galactic medium (“IGM”) in an ionized patch pre-
vented the halo from capturing the gas it needed
to form stars, and high-mass atomic-cooling ha-
los (“HMACHs”; masses above ∼ 109 M), for
which gravity was strong enough to overcome this
“Jeans-mass filter” and form stars even in the ion-
ized patches.
Once starlight escaped from galactic halos into
the IGM to reionize it, the ionized patches (“H II
regions”) of the IGM were places in which both
MHs and LMACHs were suppressed. At the same
time, UV starlight at energies in the range 11.2
– 13.6 eV also escaped from the halos, capable of
destroying the H2 molecules inside MHs through
Lyman-Werner band (“LW”) dissociation, even in
the neutral zones of the IGM. This dissociation
eventually prevented further star formation wher-
ever the background intensity was high enough.
We report the first radiative transfer simula-
tions of reionization to include all three of the mass
categories of reionization source halos, along with
their radiative suppression, in a simulation volume
large enough to capture both the global mean ion-
ization history and the observable consequences
of its evolving patchiness in a statistically mean-
ingful way. We overcame the limitation of previ-
ous large-volume simulations by applying a newly
tralia
developed sub-grid treatment to include minihalo
sources (section 2), and also calculated the trans-
fer of LW-band radiation using the scheme by Ahn
et al. (2009).
2. Methods
We performed a cosmological N-body simula-
tion of structure formation with 30723 particles in
a 114/hMpc simulation box, using the WMAP5
background cosmology (Dunkley et al. 2009). For
this we used the code CubeP3M (Merz et al. 2005;
Iliev et al. 2008), in which the gravity is com-
puted by a P3M (particle-particle-particle-mesh)
scheme. The simulation was started at redshift
z = 300 and run to z = 6. N-body data (particle
position and velocity) were recorded at 86 equally-
spaced times (every 11.53Myrs) from z = 50 to
z = 6. Each data time-slice was then used to cre-
ate matter density fields by smoothing the particle
data adaptively onto a uniform mesh – or a “ra-
diative transfer grid” – of 2563 cells. All cosmo-
logical haloes with masses 108M or above (corre-
sponding to 20 particles or more), and thus both
LMACHs and HMACHs, were identified on-the-
fly using a spherical overdensity halo finder with
overdensity of ∆ = 178.
Unlike LMACHs and HMACHs, the miniha-
los are too small to be resolved in our simula-
tion box, and thus our radiative transfer grid was
populated with minihalos by means of a newly-
developed sub-grid model, as follows. We started
with a separate, high-resolution N-body simula-
tion of structure formation in a comoving box with
(6.3/h Mpc)3 volume and 17283 particles, which
resolved all minihalos with massM ≥ 105M with
20 particles or more. We then partitioned the box
into a uniform grid of 143 cells, such that each cell
is the same size as one of the radiative transfer grid
cells in our main, 114/h Mpc simulation box, and
calculated the total number of minihalos per cell
and the cell density. Our results, shown in Fig. 1,
indicate a strong and fairly tight correlation be-
tween the number of minihalos located in a cell
and its density. The best fit to this correlation at
each redshift was then used to populate each grid
cell in our 114/h Mpc box with minihalos based
on its density at each given time-slice.
Based on these structure formation results for
the IGM density field and the source galactic
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haloes, we then calculated the radiative trans-
fer (RT) of H-ionizing and H2-dissociating pho-
tons. The stars inside the ACHs are assumed
to produce gγ ionizing photons per baryon ev-
ery 10 Myrs, where gγ ≡ fγ/(t?/10Myr), and
where fγ ≡ fef?Ni, fe is the escape fraction
of ionizing photons, f? is the star formation ef-
ficiency (i.e. the fraction of the halo baryonic
mass which forms stars), and Ni is the num-
ber of ionizing photons per stellar baryon pro-
duced over the star’s lifetime t? – we use t? =
11.53Myr for both HMACHs and LMACHs, and
t? = 1.92Myr for MHs. We assign one Pop III
star per minihalo, motivated by numerical sim-
ulations of first-star formation inside minihaloes,
which find that typically one Pop III star with a
mass between 100 and 1000M forms per mini-
halo in the absence of strong soft UV radiative
feedback (Yoshida et al. 2006; Bromm et al. 2002;
Abel et al. 2002). Star formation in minihaloes
is suppressed when the local LW background –
calculated at each time step using the scheme
by Ahn et al. (2009), but now considering both
ACHs and minihalos and also improved in speed
using the fast Fourier transform (FFT) scheme –
reaches a certain threshold JLW, th. At present
the precise value of this threshold is not well de-
termined, but the typical values found by high-
resolution simulations of minihalo star formation
are JLW, th = [0.01−0.1]×10
−21 erg s−1 cm−2 sr−1
(Machacek et al. 2001; Yoshida et al. 2003; O’Shea
& Norman 2008). We adopted a constant value
chosen from this range for each simulation.
The simulations with ACHs only (and without
LW radiative transfer) are described in Iliev et al.
(2012). Simulation parameters are described in
Table 1.
3. Role of the first stars during cosmic
reionization
We demonstrate the effects of the first stars by
direct comparison of the results from two simula-
tions, a fiducial case which includes all ionizing
sources down to the first stars hosted by mini-
halos (Case L2M1) and a corresponding reference
case which includes the larger, atomically-cooling
halos with exactly the same properties, but no
minihalo sources (Case L2, previously presented
in ref. Iliev et al. (2012)). Our results show that
the early reionization history was completely dom-
inated by the first stars, while the late (redshift
z . 10) history was driven by the stars inside
HMACHs (Figs 2A and 2C, top panel). The very
first stars started to form inside MHs at redshift
z ' 40 (when the age of the universe was just
70Myrs), and dominated the reionization process
until z ' 10. Although the abundance of more
massive halos, the ACHs, rose exponentially, they
remained relatively rare, and thus sub-dominant,
until z ' 10. After redshift z ' 8, though,
the two reionization histories became largely in-
distinguishable, because the same HMACHs then
dominated reionization. Before that, however, the
mean intensity JLW of the LW background pro-
duced by MH stars (see Figs 2B and 2C, bottom
panel) rose, on average, to JLW, th, the threshold
level above which H2 is dissociated and star forma-
tion suppressed inside MHs, as early as z ' 23 –
locally, JLW, th was reached even earlier, as early as
z ' 30, due to inhomogeneities in the background
(Fig. 2B). Thereafter, MH star formation contin-
ued but was self-regulated, which slowed their con-
tribution to reionization until the ACHs finally
rose up to push JLW above JLW, th (at z ' 12),
halting MH star formation altogether, long before
the MHs could complete reionization on their own.
Nonetheless, the minihalo sources (the first
stars) did have quite a dramatic effect on the
electron-scattering optical depth τes. While inter-
galactic H II regions fully overlapped (at redshift
zov, defined as the epoch when the mean ionized
fraction by mass, xm, first surpassed 99%) at al-
most identical redshifts, zov ' 6.8, with (L2M1)
or without (L2) minihalos, the early rise of xm
with minihalo sources boosted the optical depth
by as much as 47% relative to that without mini-
halo sources: τes = 0.0861 in case L2M1, while
τes = 0.0603 in case L2. This satisfies the cur-
rent observational constraints on reionization: (1)
reionization ended no earlier than redshift z = 7
(Fan & et al. 2006; Mortlock et al. 2011; Bolton
et al. 2011; Pentericci et al. 2011; Ota et al. 2010)),
and (2) τes = 0.088±0.015 at 68% confidence level
(Larson et al. 2011). Predicted values of τes and
zov are model-dependent, and thus we tested the
robustness of our conclusions by varying the phys-
ical parameters of MHs and ACHs.
The first stars, born inside MHs, imprinted a
distinctive pattern on the global reionization his-
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tory. For example, in case L2M1, when the LW-
plateau ended, reionization briefly stalled, since
MHs no longer formed the stars which replenished
the ionizing background and only ACH sources re-
mained, thereafter; the ACH contribution took a
bit more time to climb enough to move reioniza-
tion forward again. This explains the brief “xm-
plateau” from z ∼ 12 to z ∼ 10 in Fig. 2C for
case L2M1, while in case L2, xm grew continu-
ously without showing such a plateau (Fig. 2C).
This feature is generic (Figs 3 and 4B): with-
out minihalos, the universe underwent a mono-
tonic and rapid increase in xm. Reionization his-
tories without MH sources, modelled either by
large-scale radiative transfer simulations (Ciardi
et al. 2003; Iliev et al. 2007; Trac & Cen 2007;
Iliev et al. 2012; Iliev et al. 2006; McQuinn et al.
2007; Zahn et al. 2007) or semi-analytical calcula-
tions (Zahn et al. 2007; Haiman et al. 2000), are
all similar in that respect. Reionization histories
with MH sources, however, calculated here for the
first time by large-scale N-body + radiative trans-
fer simulations that take account of radiative sup-
pression by both photoionization and LW dissoci-
ation, find an ionization plateau phase. Previous
studies that considered MH stars and their impact
were not able to settle the issue of their global ef-
fect on reionization, either because they simulated
volumes much too small to represent a fair por-
tion of the Universe (Ricotti et al. 2002; Yoshida
et al. 2006; Ricotti et al. 2008), or else treated
reionization by a semi-analytical, 1-zone, homoge-
neous approximation (either with LW suppression
included (Haiman et al. 2000; Furlanetto & Loeb
2005) or without (Haiman & Bryan 2006; Wyithe
& Loeb 2003; Wyithe & Cen 2007; Shapiro et al.
1994)), which cannot capture its innate spatially
inhomogeneous nature, or made a semi-analytical
approximation that accounted statistically for spa-
tial inhomogeneity but without LW suppression
(Kramer et al. 2006).
4. Probing the first stars with Planck
The first stars hosted by minihalos likely made
an important contribution to reionization. But
how can we probe them observationally? While
significant, the effects of the first stars are largely
confined to the early stages of reionization, at red-
shifts z > 10, which puts them beyond the reach
of most current instruments. Future, very sen-
sitive experiments like the Square Kilometre Ar-
ray (SKA) and the James Webb Space Telescope
(JWST) may be able to probe these distant epochs
directly. However, we have shown above that the
combined effect of the first stars also considerably
increases the value of the integrated electron scat-
tering optical depth τes compared to reionization
scenarios in which the first stars are absent. Dif-
ferent values of τes are clearly reflected in the cos-
mic microwave background (CMB) polarization
anisotropies at large scales. The current best con-
straints on τes by the WMAP satellite τes are still
relatively weak, and thus models with low-τes val-
ues like L2 are still acceptable at the 2σ (95%)
confidence level (Fig. 2C, middle panel). By con-
trast, the current Planck mission, which will mea-
sure the CMB polarization far more precisely than
WMAP, should already be able to discern the in-
fluence of the first stars on reionization. In Fig. 4A
we show our forecasts for the angular spectra of
CMB E-mode autocorrelation (EE).
As we discussed above, current observational
constraints strongly suggest that reionization was
not complete before redshift z ∼ 7. Imposing
this condition as a prior on the allowed reioniza-
tion histories xm(z), we predict that the Planck
mission will clearly and unambiguously detect the
era of first stars. In Fig. 4B we show a statisti-
cal measure of the Planck sensitivity to detecting
the signature of the first stars using “principal-
component amplitudes” {mµ} following Morton-
son & Hu (2008)1, we experimented for the de-
tails of the principal component analysis of reion-
ization models. Based on the Planck data after its
full 2 years of planned operation, the narrow pos-
terior distribution of allowed τes values will allow
us to distinguish reionization models like L2 and
L2M1 unambiguously, and thereby strongly con-
strain the available reionization parameter space.
A high measured measured value of τes > 0.085
will be a clear (if indirect) signature of the first
stars.
Finally, we note that the presence of these first
stars in cosmological minihalos introduces certain
unique features in the reionization history, like
the plateau noted above, which in turn show up
1While we use the scheme developed by Mortonson & Hu
(2008), we implemented the following ingredients in order
to optimize the analysis for our purpose. First, to apply
the late-reionization prior, zov ≤ 7
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as characteristic features in the CMB polarization
power spectrum. Hence, Planck might be able to
distinguish (albeit at lower statistical significance,
of & 2σ or & 95%) reionization models with and
without first stars even if they have very similar
values of τes and similar end-of-reionization red-
shifts zov (Fig. 4). Full reionization simulations
like ours find it hard to satisfy both of these ob-
servational constraints without including a signif-
icant contribution from the first stars, but some
semi-analytical models (Haiman & Bryan 2006;
Haardt & Madau 2012) do find such scenarios.
However, all such models lack the plateau feature
in the reionization history xm(z), and thus reside
in a narrow window of mµ-parameter space adja-
cent to that occupied by our no-minihalo cases, as
demonstrated in Fig. 4B.
In summary, Planck is capable of distinguish-
ing with high confidence between definitive classes
of reionization scenarios allowed by the current
constraints, and thereby significantly restricting
the available parameter space. Planck will either
probe the signature of the first stars, or show that
the first stars had a negligible impact on reion-
izaion. Once these first results confirm the role
of the first stars, simulation modelling like that
presented here can be used to guide and under-
stand further, more detailed theoretical and ob-
servational studies of the early universe.
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Table 1: Reionization simulation source halo properties and global history results. MIII, ∗ and JLW, th are
in units of solar mass (M) and 10
−21 erg s−1 cm−2 sr−1, respectively. Note: Minihalo efficiencies gγ,MH
(fγ,MH) quoted here are for the minimum-mass halo assumed to contribute, 10
5M, which is roughly
comparable to the average value for the minihalos integrated over the halo mass function.
case gγ,H
(fγ,H)
gγ,L
(fγ,L)
gγ,MH
(fγ,MH)
MIII, ∗ JLW, th zov τes m1,m2, ...,m7
g8.7 130S
(L1)
8.7
(10)
130
(150)
· · · 8.40 0.0841 -0.298, -0.0267, 0.289,
0.115, 0.0975, 0.0918,
-0.0548
g8.7 130S M300 J0.05
(L1M1)
8.7
(10)
130
(150)
5063
(1013)
300 0.05 8.41 0.0934 -0.283, -0.0222, 0.268,
0.121, 0.0828, 0.0897,
-0.0565
g1.7 8.7S
(L2)
1.7
(2)
8.7
(10)
· · · 6.76 0.0603 -0.298, 0.00402, 0.372,
0.191, 0.0446, 0.0229,
-0.0416
g1.7 8.7S M300 J0.1
(L2M1)
1.7
(2)
8.7
(10)
5063
(1013)
300 0.1 6.80 0.0861 -0.276, -0.00969, 0.302,
0.158, 0.0260, 0.00619,
-0.0349
Fig. 1.— Correlation between the total number of minihaloes per RT cell (N5:8) and the density of the
RT cell in units of the mean density (1 + δ), based on a 6.3/hMpc box N-body simulation which resolves
all haloes with mass M ≥ 105M. Plots are for correlations at three different redshifts, z =30, 20.1 and
10.1 from left to right. The volume occupied by an RT cell is (0.64Mpc)3. The average correlation at each
redshift was used to populate RT cells of the 114/hMpc box with minihaloes of 105 ≤M/M < 10
8 at each
redshift.
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Fig. 2.— (A) Maps of evolving hydrogen-ionized fractions at different redshifts (rows), for our fiducial
model with minihalo sources included, L2M1 (1st column), vs. the corresponding reference model with only
atomically-cooling halos, case L2 (2nd column). The slices are 0.45/h Mpc-thick. Color represents linearly-
scaled ionized fraction from 0 (blue) to 1 (red). (B) Maps of evolving Lyman-Werner band intensity for
case L2M1. Black contours indicate the threshold value for suppression of star formation, JLW, th (which for
case L2M1 is set at 0.1×10−21 erg s−1 cm−2 sr−1). (C) (top) Globally-averaged history of the mass-weighted
ionized fraction for models L2M1 (black, solid) and L2 (blue, dashed). (middle) Thomson scattering optical
depth of IGM to CMB integrated from z = 0 to redshift z for L2 and L2M1. (bottom) Evolution of the
mean LW H2-dissociating background JLW in units of the threshold value JLW, th for Case L2M1.
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Fig. 3.— Model dependency of the history of cosmic reionization. In addition to cases L1 and L2, which
do not account for minihaloes, we show predictions for minihalo-included cases by parametrizing the star
formation inside minihaloes through M∗, III (mass of the Pop III star) and JLW, th (threshold Lyman-Werner
intensity). (Left) Late-overlap models. (Right) Early-overlap models.
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Fig. 4.— (A) Detecting the first stars. [left]: Forecasts of EE polarization power spectra of cases L2M1
(with minihaloes) and L2 (no minihaloes) for Planck. The error bars indicate the estimated Planck 2-year
1σ sensitivity including cosmic variance (top panel). Case L2M1 can be clearly distinguished from case L2.
[right]: Model-selection power of Planck. Contours represent 1σ (68%), 2σ (95%) and 3σ (99.7%) confidence
levels from inside out, on marginalized posterior distributions of selected parameters (mµ’s and τes) using
mock data based upon Model L2M1 (black square). In each panel, values of mµ for cases L2 and L2M1
are plotted. Case L2 (blue triangle) can be easily ruled out only from the measurement of τes by Planck.
The prior condition of zov ≤ 7 is applied here, which also rules out early reionization (zov & 8) models.
(B) Breaking the degeneracy in zov and τes. [left]: Reionization histories of various reionization models, but
with almost identical zov and τes. The model with minihalo sources (case L2M1, or g1.7 8.7S M300 J0.1,
in black line) stands out from almost degenerate, no-minihalo models (in blue, cyan and red lines). [right]:
Hypothesis-testing power of Planck on minihalo-included (black square) vs. no-minihalo models (triangles).
Contours have the same meaning as those in (A). No-minihalo models are clustered and well separated from
case L2M1 at & 2σ confidence level. The same color scheme for model specification is used in left and right
panels – see legends in the left panel.
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